Quartz crystal microbalance (QCM) electrodes modified with nano-thin films were used to develop a system for measuring significant environment changes (smoke, humidity, hazardous material release). A layer-by-layer approach was used for the deposition of sensitive coatings with a nanometer thickness on the electrode surface. The QCM electrode was modified with self-assembled alternate layers of tetrakis-(4-sulfophenyl) porphine (TSPP) (or its manganese derivative, MnTSPP) and poly(diallyldimethylammonium chloride) (PDDA). The QCM sensors, which had been reported previously for humidity sensing purposes, revealing a high possibility to recognize significant environmental changes. Identifying of the origin of environmental change is possible via differential signal analysis of the obtained data. The sensors showed different responses to humidity changes, hazardous gas (ammonia) or cigarette smoke exposure. Even qualitative analysis is not yet available; it has been shown that ventilation triggers or alarms for monitoring smoke or hazardous material release can be built using the obtained result.
Introduction
Most national and world-wide organizations and recent scientific research consider that indoor environments, including work and living space, can have a major influence on well-being of people. 1 Recent findings have demonstrated that indoor air is often more polluted than outdoor air. 2 This is mainly caused by insufficient ventilation, and therefore it is often a great health hazard. 3 Sensor devices are able to track the changes of certain environmental variables, such as temperature, relative humidity, chemical concentrations, light intensity or mechanical stress; these changes can be interpreted, while providing useful information. 4 The creation of sensors for indoor air quality (IAQ) in buildings, which can monitor common parameters (like temperature or humidity) and additionally certain chemical factors, is an important task of sensor development technology.
Only simple fire-alarm systems are currently used in routine life. These are mainly based on infrared, optical or ion sensors, typically designed to detect the presence of smoke, heat, or radiation using photometry or ionization processes. 5 Most of the systems are based on smoke detection (as a fire indicator), and do not provide any qualitative information about the type of smoke, and often have a certain rate of false alarms. In addition to fire-detection systems, devices that are able to detect other accidental conditions (e.g. toxic chemicals emission) and automatic ventilation systems to maintain indoor air quality 2 are of great importance. Since sensors that are currently used for chemical detection are usually highly influenced by humidity, the mentioned analytical task should account for operation under real, often, harsh environment conditions. 5 Over the past decades, porphyrins and their derivatives have been considered to be sensitive elements for a variety of sensors, including quartz crystal microbalance (QCM)-based electronic noses, 6 chemically modified resistors and FET, 7 optical systems, 8 SAW sensors, 9 and colorimetric arrays. 10 Among the sensitive transducers, QCM devices are often utilized, due to their simple modification and operation according to the well-known Sauerbrey equation:
where f0 is the resonance frequency of the unloaded QCM and A is the active area of the crystal; μq and ρq are the quartz shear modulus (2.947 × 1011 g cm -1 s -2 ) and density (2.648 g cm -3
), respectively. The simplicity of the micro weighting approach by QCMs made them gold standard in thin-film technology for film deposition control, thickness determination 12 and also the popular element of electronic noses, 7 analytical devices aimed to imitate the human nose in the field of odor analysis.
QCM-based sensor systems are known to be widely used in different application areas. These are gravimetric sensors, and can be used for biotechnology, 13 drug and surfactant research, 14 as biosensors 15 and of course for gas sensing purposes.
We have recently reported on the creation of a reliable humidity sensor based on different types of porphyrin-based films.
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In this article, we describe the use of the layer-by-layer (LbL) method for the deposition of porphyrin/polymer thin films on the surface of 9 MHz QCM electrodes with the aim of developing a gas sensor system for real environment measurements related to several sources (humidity, ammonia gas or cigarette smoke). Relative humidity is a highly important factor for human comfort and well-being inside buildings. 17 Ammonia was chosen to test the system as one of the most important analytes for IAQ assessment. 18 Finally, cigarette smoke was chosen as the simplest environmental factor significantly influencing the IAQ. It is known that cigarette smoke can contain many compounds; ammonia has one of the highest concentrations (~10 μg/cig).
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Thus, cigarette smoke originating gaseous mixture was tested on the built system.
The employment of the proposed sensors has several advantages, including the possibility to work in the wide range of relative humidity, simplicity in operation and data analysis. Simple alarm systems or ventilation triggers can be implemented without the complex data processing usually needed for e-nose based devices.
Experimental
Reagents and chemicals 5,10,15,20-Tetrakis-(4-sulfophenyl)-21H,23H-porphine (TSPP, Mw = 934.99), 5,10,15,20-tetrakis-(4-sulfophenyl)-21H,23H-porphine manganese(III) chloride (MnTSPP Mw = 1023.38), poly(sodium 4-styrenesulfonate) (PSS, Mw = 70000), and poly(diallyldimethyl ammonium chloride) (PDDA, Mw = 20000 -350000) were purchased from Tokyo Kasei, Japan. All of these chemicals were guaranteed reagents, and used without further purification. Deionized pure water (18.3 MΩ cm -1 ) was obtained by reverse osmosis, followed by ion exchange and filtration (Millipore, Direct-QTM). The chemical structures of the porphyrin compounds and polymers are shown in Fig. 1 .
We used 9 MHz, gold-coated QCM electrodes, purchased from USI Ltd. (Fukuoka, Japan), connected to a frequencygeneration unit, NAPICOS (Nihon Dempa Kogyo, Ltd.), and a PC for frequency measurements and further data treatment.
Thin film preparation
Thin films on the QCM surface were prepared according to a procedure reported previously. 17 Before the deposition of films, electrodes were cleaned in a piranha solution, rinsed in water and dried in a stream of nitrogen gas. In order to create a charged surface, the electrodes were held overnight in 2-mercaptoethanesulfonic acid, rinsed in ethanol, water, dried with nitrogen and then treated with sodium hydroxide (pH 11). Before the main film deposition, a 3-cycle precursor PDDA/PSS film was deposited in order to eliminate any roughness and create a flat plane surface on the electrode. This deposition was performed by consecutive dipping of the electrode into PDDA (5 mg/mL) and PSS (5 mg/mL) solutions for 20 min, respectively, with water washing and nitrogen drying between immersions. A 10-cycle film consisting of the anionic porphyrin (TSPP or MnTSPP) assembled with PDDA was deposited on the precursor film in a similar way by consecutive dipping into solutions of polycation PDDA (5 mg/mL) and polyanion TSPP or MnTSPP (1 mM each) in order to obtain multilayer flat films on the electrode surface. In both films the outermost layer consisted of a porphyrin compound. The assembly of the PDDA and porphyrins layers after each deposition cycle was monitored by measuring the fundamental frequency changes.
The total frequency shifts due to the 10-cycle deposition of the sensing films on the electrodes were approximately 1400 and 2200 Hz for the PDDA/TSPP and PDDA/MnTSPP films, respectively. The corresponding film thicknesses calculated from the Sauerbrey Eq. (1) were ca. 26 and 39 nm, respectively. 17 
Measurement setup
The experimental setup described in Fig. 2 , including a chamber with three QCM sensors, was located in the laboratory room without any special conditions. A mini-pump (Sibata TM ) was used to deliver air from an ordinary room (dimensions: width × length × height = 4 × 8 × 3 m) into the chamber. The pumping speed for air delivery was set to 1 L/min. A humidity logger (Hygrochron, KN Laboratories (RH range of 0 -95%; accuracy 5% at 25 C in the range of RH 20 -80% and reading resolution 0.1%)) was located in proximity to the QCM electrodes in order to record any changes in the humidity. Sampling of the frequency and humidity was done every second.
To investigate the influence of different environmental factors on the electrode behavior, the environmental changes were modeled near the system inlet at the time when frequency measurements were done. The exposure factors, as shown in Fig. 2 , included a change of the relative humidity by opening the bottle with water close to the inlet, and the use of air conditioning, opening the bottle with a 1 wt% ammonia solution for a short time or simple cigarette smoke in the room space close to the measurement site. Smoke filtration was not 2 Measurement setup used to track environmental changes using QCM sensors modified with thin films and exposure factors used to test the system, including changes in the environmental humidity as well as accidental gas or cigarette smoke exposure.
employed in this study in order to confirm the total smoke influence, including smoke particles and smoke-originated VOCs. Repeatability tests with ammonia gas were performed at high humidity (ca. 70%) by exposing the sensors to approximately 100 ppm ammonia gas. Experiments were performed in the wintertime when the temperature in the investigational rooms was between 20 -25 C and the relative humidity was near to 50%.
Results and Discussion
Humidity sensitivity of the sensing films Before conducting tests with cigarette smoke and gas exposure, the measurement system was tested in order to check the humidity sensitivity under real conditions. The sensors used in this work were previously designed for the assessment and calibration of their humidity-sensing capabilities. Figure 3a shows the result of humidity response tests. An important issue in a real-environment measurement is selecting a base condition. In order to simplify real-environment sensing, we selected an ambient air condition that would become a base for comparisons of different environments. As can be seen in Fig. 3 , the response pattern of the frequency shifts is opposite to that of humidity changes; the positive pulses of the frequency are responses to the "more dry" air; the negative pulses of frequency correspond to the more humid air of the currently measured environment, compared to the humidity under the ambient air condition.
From Fig. 3a we can assess the dependence of the frequency shift from the relative humidity, which enables to estimate the sensitivity of each electrode to humidity changes in the real environment. Respective calibration curves were built; the result is shown in Fig. 3b . The calculation made from this measurement gives sensitivity factors (slopes of calibration curves) 0.63 ± 0.10, 3.72 ± 0.24, 4.45 ± 0.31 Hz/% and linearity correlation coefficients of 0.69, 0.94 and 0.93 for the non-modified, PDDA/TSPP and PDDA/MnTSPP electrodes, respectively. The obtained sensitivity to humidity, corresponding well with our previous work, 17 is slightly larger for the PDDA/MnTSPP electrode than for the PDDA/TSPP electrode. Linearity correlation coefficients obtained in the present work are a bit lower than under ideal conditions, 17 but they are still quite high for the nano-assembled film modified QCM electrodes.
Reproducibility of the sensors
In order to prove the stability of the sensors, reproducibility to certain factors should be demonstrated. Figure 4 demonstrates an example test confirming the reproducibility of the differential QCM signal to both ammonia 100 ppm exposure and humidity The magnified insets show a characteristic response to ammonia addition at high RH (small negative peaks) and to humidity increase from ca. 30 to 68% RH (big negative peaks). High positive peaks are responses to flushing of the system with dry air.
changes. For approximating the nature of environmental change, we used the differentiation of the raw signal obtained from the measuring system. The differential approach makes "humidity-independent" ammonia events clearly distinguishable in the differential signal due to several features: they are not associated with any humidity change (upper plot in Fig. 4) ; the response of the TSPP modified electrode is higher due to the slightly higher binding capacity of ammonia to TSPP compared with MnTSPP (inset in Fig. 4) . The average derivative responses for the sudden appearance of the 100 ppm of NH3 gas in the atmosphere were 11.5 ± 2.5 and 6.7 ± 1.3 Hz for PDDA/TSSP and PDDA/MnTSPP films, respectively, and these are quite small compared with response to humidity. That is why when environmental changes include both humidity and ammonia, it will be difficult to notice any impact of the gas. In spite of this fact, the system will provide recognition when the gaseous influence is present on the background of stably high humidity. Based on these measurements, we conclude the reproducible response to sudden ammonia gas present in the environment.
Long-time real environment monitoring
The films used in this study were thoroughly investigated for humidity sensing that occurred in our previous work. The 24-h humidity monitoring in a conditioned room was successfully achieved, as well as response stability after one year of operation. 17 In this work, we included significant environmental changes; for example, changes due to smoking and chemical exposure. Figure 5 shows the result of a real-environment measurement containing several events. The exposure of the system to a higher humidity increase (point 1 in Fig. 5 ) induced a quick response of both modified QCM sensors, which are known to be quickly (within 15 s) responsive 17 to humidity. Also, throughout the whole experiment a fundamental frequency shift was observed (ca. 13.5 and 17.5 Hz for the PDDA/TSPP and PDDA/MnTSPP modified electrodes, respectively). This shift is considered to be related to the general humidity decrease (ca. 2.5%) due to the use of an air conditioner, which was set to maintain a stable room temperature throughout the measurement; but at the same time, it gave the dried room air. Points 2 and 3 in Fig. 5 indicate the sensor response to a sudden ammonia gas presence in the room, while point 4 indicates the event when cigarette smoking was started in the room. All of these events look to be not significantly related to humidity changes and we cannot see any response in the humidity logger. However, both QCM sensors showed a large change in frequency related to these events. Figure 6 shows the shorter episodes of real environment sensing and the response of the sensors to sudden ammonia exposure (Fig. 6a) , and smoking starting in the investigational room. The upper plot shows the response obtained from the conventional humidity sensor (real and smoothed) and, as already mentioned, it does not show any significant change in the humidity when the system was exposed to ammonia or cigarette smoke.
However, these "humidity-independent" odorous events are clearly visible in the sensor signal (black and grey lines in Fig. 6 ). Both of the sensors showed significant changes in frequency related to the volatile organic compounds (ammonia and smoke related) that were released from the different environmental sources. An additional noise increase in the steady state was observed in the room after smoking; however we did not see any big changes in the frequency that could be attributed to particles originating from smoke. Very great changes are expected in the case of macro-particles attached to the active surface of QCM, which were not noted during the set of experiments. Nevertheless, smoke filtration should be used to prevent micro particles from smoke to condensate in the measurement chamber and sensor surface. A comparison view of the raw signal, ΔF(t), differential signal ΔF/Δt(t), and differentiated humidity change signal, ΔRH/Δt(t), is given in Fig. 7 . The interpretation of the mentioned dependences is simple; the ΔF/Δt(t) and ΔRH/Δt(t) describe the speed of the frequency and relative-humidity changes, respectively. The importance of the differentiated signal is that it neglects slow environmental changes, such as the baseline drift and slow humidity change due to air conditioning. However, we can clearly see the episodes of significant and fast environmental alterations. As can be seen from Fig. 7 , every odorous event that we tried in our system is reflected on a differential plot, ΔF/Δt(t). From this data we can also see some difference between a fast humidity change (dashed line rectangles) and sudden ammonia or cigarette smoke exposure (dotted line rectangles). The same type events are not observed by the conventional humidity logger. The difference in the results is explained by the fast response of the QCM sensors; this is the basis on which the alarm system or ventilation switches can be created. Certain discrimination between different events, whether related or not to the chemicals, is possible in big volume spaces (rooms) using the fact that in big rooms the relative humidity cannot be changed dramatically, and usually its changes are slow. These changes will give only insignificant changes (small peaks) in the differentiated signal, and thus they can be easily filtered as false events. Nevertheless, the calibrated system will provide information about the humidity. Due to the considerably higher sensitivity of the QCM devices to VOCs with their fast and effective adsorption, the sensor system could induce fast changes in the frequency signal, especially relatively big changes in derivative. Based on these points, we consider that real environment monitoring devices can be implemented through the humidity sensors based on the surface-modified QCM platforms.
Conclusions
Environmental sensors based on the nano-assembled QCM device are rare due to the number of disadvantages that they posses. Usually, humidity influence on gas-sensing devices is mentioned as limiting application factor due to the high sensitivity of QCM-based devices to humidity. However, due to this property, humidity sensors based on QCM transducers are easily implemented, and a variety of successful results have been reported, particularly in our recent work. 17 In this study, we have demonstrated the possibility of using the QCM-based sensors in environmental accident detection systems (e.g. smoke, toxic gas release). It has been shown that even mainly designed for the humidity monitoring, the sensors are capable of the detecting significant environmental changes in particular smoke, or toxic gas exposure. Differentiation of the QCM output signal enables us to distinguish the nature of environmental changes related to the humidity, smoke or gas exposure. Systems based on the surface modified quartz crystal microbalances can thus be implemented as alarms of VOC-related threats, or as triggers for automatic ventilation in buildings with toxic compound saturation risks. Speed of RH change, % s -1 Fig. 7 Comparison of the QCM sensor response during the different environmental gases exposure with the differentiated signal. "Humidity-independent" odorous events are clearly distinguishable in the differential signal. A noise increase is observed when cigarette smoking is initiated.
